The osmotic stress technique was used to measure changes in macromolecular hydration that accompany binding of wild-type E. coli lactose (lac) repressor to its regulatory site (operator O1) in the lac promoter, and its transfer from site O1 to nonspecific DNA. Binding at O1 is accompanied by the net release of 260 ± 32 water molecules. If all are released from macromolecular surfaces, this result is consistent with a net reduction of solvent-accessible surface area of 2370 ± 550Å 2 . This area is only slightly smaller than the macromolecular interface calculated for a crystalline repressor dimer-O1 complex, but is significantly smaller than that for the corresponding complex with the symmetrical optimized O sym operator. The transfer of repressor from site O1 to nonspecific DNA is accompanied by the net uptake of 93 ± 10 water molecules. Together these results imply that formation of a nonspecific complex is accompanied by the net release of 165 ± 43 water molecules. The enhanced stabilities of repressor-DNA complexes with increasing osmolality may contribute to the ability of E. coli cells to tolerate dehydration and/or high external salt concentrations.
Introduction
The control of transcription initiation involves the binding of gene regulatory proteins to regulatory and competing genomic DNA sequences. The stability and specificity of these interactions depend on their solution environment.
Iimportant variables include salt concentration and identity (1-3), pH (4, 5) , pressure (6) (7) (8) and accessible volume (9, 10). In addition, changes in hydration accompany macromolecular interactions (reviewed in (8, 11, 12)).
For those interactions in which the hydration change is large, the free energies of interaction depend sensitively on the activity of water (a H2O ).
The intimate association of protein and DNA surfaces is accompanied by the displacement of water molecules associated with those surfaces. In addition, allosteric changes that extend beyond the contact surfaces can alter the solvent-accessible surface areas of protein and DNA and thus, the numbers of associated water molecules. Any water molecules bound or released in these transactions are reactants or products, respectively, in the binding reaction.
Changes in the number of thermodynamically-associated water molecules can be detected and quantitated by the osmotic stress technique (12-14), using small, neutral solutes (osmolytes) that are typically excluded from the volumes immediately adjacent to macromolecular surfaces (11, by the differential interaction of osmolytes with reactants and products; (ii) that volumeexclusion by osmolytes should not significantly alter K obs ; and (iii) that changes in solvent properties that indirectly affect binding affinity (for example, the dielectric coefficient) should not account for changes in K obs .
Here, we report the use of osmotic stress to measure the water stoichiometries of lac repressor binding to its primary lac promoter regulatory site (O1) and to nonspecific DNA. In the absence of low molecular weight inducers (e.g., allolactose) lac repressor binds its regulatory sites (operators O1, O2 and O3 (16)) and promoter-bound RNA polymerase (17) , and inhibits one or more initial step(s) of the transcription process (17) (18) (19) . In the cell, nonspecific DNA competes with target sequences for lac repressor binding. The distribution of repressor between regulatory and nonspecific sequences determines the occupancy of operator O1, and hence the transcriptional activity of the lac promoter (20-22). As shown below, under standard in vitro conditions, this distribution depends on the water activity.
In principle, the value of the water stoichiometry may contain information about structural changes that accompany binding. If the water stoichiometry of a reaction reflects the net association or dissociation of water molecules from the macromolecular surface, its value should be proportional to the sum of changes in solvent-accessible surface areas of reaction participants. For proteins, it has been estimated that an inner-hydration layer water molecule occupies 9 ± 1 Å 2 of surface (14) . We use this value, with caveats, to obtain an estimate of the 2 to the binding data.
Here In binding competition assays, repressor-operator complexes were titrated with unlabeled E. coli genomic DNA, establishing the equilibrium
in which R, O and D represent repressor, operator and competing DNA sites, respectively. At the ith step of the titration, the specificity ratio is given by 
in which ρ is the solution density, ρ o is the solvent density, and c is the osmolyte concentration (all in grams per milliliter). The value of v app extrapolated to infinite dilution was taken as the partial specific volume, v (37) . Molar volumes were calculated according to V mol = v⋅ M r .
Error analysis. 95% confidence intervals for fitted parameters were estimated by the method of Broderson (38) . 
in which ν H 2 O and ν s are the stoichiometric coefficients of water and solute, respectively.
Following standard approaches (14, 40) , it can be shown that ln K obs depends on ln a H 2 O as shown in Eq. 7 (57).
Timasheff and co-workers have shown that many low molecular weight osmolytes are excluded from the volumes immediately adjacent to proteins (i.e., that these volumes are occupied preferentially by water molecules (11, 15)). Thus, for a process involving a large change in solvent-accessible surface area, in a solution containing such a "non-interacting" solute, one might expect ν H 2 O to contribute more importantly to ∂lnK obs /∂lna H 2 O than does ν S . As described below, this expectation can be tested by comparing values of ∂lnK obs /∂lna H 2 O obtained with different structurally-and chemically-distinct osmolytes.
The electrophoresis mobility-shift assay (33, 34) was used to detect the binding of wildtype lac repressor to its primary lac operator site, O1 (Fig. 1A) . Under conditions of low binding saturation, the predominant complex formed contained one repressor tetramer, occupying site O1 (33, 35, 41) . A second possibility is that the increase in K obs is a consequence of decrease in the solution dielectric coefficient with osmolyte concentration. If this were the case, ln K obs would be expected to scale identically with dielectric coefficient for all osmolytes tested. Shown in Fig. 3 are values of ln K obs as a function of dielectric coefficient for the osmolytes acetamide, betaine and ethylene glycol. Since the slopes differ markedly for these osmolytes, changes in solvent polarity can not account for the common effects of different osmolytes on K obs .
A third possibility is that the observed changes in K obs are due to volume exclusion by the osmolytes. A hallmark of such effects is that they increase strongly with solute molar volume (10). Shown in Fig. 4 is the dependence of ∂lnK obs /∂lna H 2 O on lnV mol , the natural log of solute molar volume, measured in our assay buffer, for solutes ranging from M r = 59
(acetamide) to M r ~8000 (polyethylene glycol 8000 
Here A RO is the solvent-accessible surface area of the complex, and A R and A O are the corresponding areas calculated for models of free repressor and DNA molecules in which their conformations are identical to those found in the complex. It follows that these calculations do not take into account changes in the solvent-accessible surface areas of the protein and the DNA that result from conformational changes that occur during binding. In addition, they use structural data for the dimeric form of lac repressor, so they cannot take into account conformational differences that may distinguish dimeric and tetrameric forms of the protein, or changes that take place at the dimer-dimer interface. With these caveats in mind, the values of stoichiometries differ, the distribution of repressor between regulatory (specific) and genomic (non-specific) sites will depend on water activity.
To test these notions, we performed binding competition assays (33, 36) to measure the specificity ratio K S /K N as a function of water activity. Here K S is the association constant for lac operator O1 and K N is the population-average association constant for genomic DNA. Table 3 . Taken with this competition data, the value ν H 2 O = -260 ± 32 for formation of the specific repressor-operator complex implies that the formation of a nonspecific repressor-DNA complex is accompanied by the net release of 165 ± 43 water molecules. This range of values is significantly less negative than that for the specific interaction, consistent with the notion that the reduction in solvent-accessible surface area accompanying nonspecific binding (∆A W ) is less than that for a specific interaction. water molecules. In addition, the estimate that one water molecule occupies 9 ± 1 Å of macromolecular surface is based on results obtained with proteins ( (14), and results cited therein). The area occupied by a water molecule on a highly-charged DNA surface may be smaller as a consequence of electrostriction (58) . These considerations suggest that the largest value of ∆A W is an upper-limit for the net change in solvent-accessible surface area. Error bars represent 95% confidence limits.
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